Abstract: Per and polyfluoroalkyl substances (PFASs) are a huge class of Contaminants of Emerging Concern, well-known to be persistent, bioaccumulative and toxic. They have been detected in different environmental matrices, in wildlife and even in humans, with drinking water being considered as the main exposure route. Therefore, the present study focused on the estimation of PFAS in the Metropolitan Area of Turin, where SMAT (Società Metropolitana Acque Torino S.p.A.) is in charge of the management of the water cycle and the development of a tool for supporting "smart" water quality monitoring programs to address emerging pollutants' assessments using multivariate spatial and statistical analysis tools. A new "green" analytical method was developed and validated in order to determine 16 different PFAS in drinking water with a direct injection to the Ultra High Performance Liquid Chromatography tandem Mass Spectrometry (UHPLC-MS/MS) system and without any pretreatment step. The validation of this analytical method resulted in really low Quantification Limits (5 ng L −1 ), in satisfying recoveries (70%-102%) and in a good linearity (R 2 = 0.99) for every compound. Among the results, only 4 compounds and only 6% of the samples showed a pollution level higher than the limits of and Quantification (LOQ). Finally, the correlation study between the assessment findings and the industrial sites which serve as potential sources of pollution in the monitored area was carried out.
Introduction
Per-and polyfluoroalkyl substances (PFASs) are manufactured organic chemicals that have been widely used over the past decades. They belong to the unique category of fluorosurfactants, which the carbon chain of hosts a substitution of hydrogen with fluorine that builds up the hydrophobic part of the surfactant [1, 2] . The two primary commercial production processes to synthetize PFAS are the electrochemical fluorination and the telomerisation, but since 2002, only the telomerisation processes are still used. Generally, perfluorinated compounds (PFCs) like perfluoroalkyl sulfonamides and fluorotelomer alcohols can be degraded naturally under aerobic conditions to perfluoroalkyl carboxylates (PFCAs) and perfluoroalkyl sulfonates (PFSAs) [3] that have been detected in various environmental matrices, like water, soil and air as well as in food, animals and humans [4] . PFAS (PFCAs and PFSAs) represent a huge group of different molecules with unique physicochemical properties, such as extreme hydrophilic and lipophilic character; thermal and chemical stability, making them valuable components for many industrial; and commercial applications. Their key characteristic of having one of the strongest chemical bonds (C-F) in their carbon chain makes them very stable, and they cannot degrade naturally or under heat, acids and oxidation [4, 5] . PFASs are, therefore, perfect ingredients for many products with stain-resistant, waterproof or nonstick properties. Among them, there are firefighting foams, food packages, stain-resistant and waterproof fabrics for clothes and carpets, painting materials, etc.
Another way to categorize these compounds is based on their perfluorocarbon chain length. According to the nomenclature given by Buck et al. [5] , they are referred to as a long chain and a short chain. The long chain substances include either perfluoroalkyl carboxylates (PFCAs) with eight atoms of carbon or more or perfluoroalkane sulfonates (PFSAs) with at least six atoms of carbon [6] (Table A1) . As this category is known to be more bioaccumulative, their replacement with the shorter chained compounds has been pursued in the last couple of decades. However, both kinds are very stable and persistent in the environment as well as toxic, and due to their occurrence and fate in the environment, they have been characterized as Contaminants of Emerging Concern (CECs) [7] . Sources of PFAS in the aqueous environment are landfill leachate, industrial and municipal wastewater treatment plants, dry and wet atmospheric deposition, soil and street surface runoff [6] . Due to their stability properties, they are detected also in drinking water, which is one of the major ways of exposure that poses threats to humans [8, 9] . Therefore, it is of great significance to find techniques for effectively removing them from water and of paramount importance to prevent the contamination; according to the framework of the Water Safety Plan (WSP) approach in order to protect human health, it is necessary to evaluate the risks along the drinking water supply system (from the catchment to the consumer). In line with the forthcoming National and European drinking water regulation, SMAT (Società Metropolitana Acque Torino S.p.A.)-the company in charge of the water cycle management in the Turin Metropolitan Area (Italy)-is adopting the Water Safety Plan.
The aim of this study was to assess PFAS occurrence in the Metropolitan Area of Turin in order to estimate the pollution levels and to understand the contaminants' stability properties. Pursuing the application of green analytical chemistry, a quantitative analytical method for evaluating seventeen different perfluorinated compounds in water samples, without any preconcentration step, was developed and validated. Commonly, PFASs used in consumer products are complex mixtures of many compounds that provide different specific features [10] . For this reason, in this method, we decided to target seventeen linear perfluoroalkyl substances, with a chain length ranging from four to eighteen carbon atoms in order to also investigate the variety of their properties. Among the literature, after years of research on the field of perfluoroalkyl substances, only three methods are reported using a direct injection analysis [11] [12] [13] ; all of them target less than 17 compounds, and they have a longer analysis time than the one reported in this study. A book chapter by Dasu, Kempisty and Mills [3] has reported an overview of the analytical methods that occur for the determination of PFASs in environmental matrices and, more specifically, in different types of water. Even if all the listed methods report low quantitation levels, they used an extraction-pretreatment step [14] [15] [16] [17] [18] . Moreover, most of them focused on less number of target compounds (in comparison with those included in our method), and no great differences occurred between them. Furthermore, very few standard methods (Table A6) are reported in the literature for the determination of PFASs in water samples, and only one of them ASTM (American Society for Testing and Material) does not use any pretreatment step but does not refer to drinking water. On the other hand, both the standard ISO 25101:2029(E) method and the EPA (United States Environmental Protection Agency) 537 method, that are concerned with drinking water, use an solid phase extraction (SPE) extraction step and focus on less number of compounds than our "green" method that with direct injection achieved very low Quantitation Limits for all the 16 targets.
Moreover, an estimation study of potential pollution sources was carried out by searching the correlation between the assessment findings and the industrial sites-which represent the major source of pollution, as well as the civilian airports and the wastewater treatment plants-using spatial analysis and multivariate statistical analysis tools. The aim was also to develop a statistical framework for investigating whether the presence of PFASs in the water is associated with the number of source points within a watershed in order to develop a tool for supporting "smart" water quality monitoring programs for emerging pollutants. Water quality monitoring programs are usually set according to the numbers of inhabitants or to the volume of water supplied.
Materials and Methods

Study Area and Sampling
SMAT is the company in charge of the water cycle management in the Metropolitan Area of Turin (Piedmont, Italy), supervising 293 municipalities ( Figure A3 , Table A5 ) and supplying a population of about 2.3 million inhabitants. In this study, 930 samples were collected from the 291 municipalities managed by SMAT, including 5% of surface, 19% of underground and 76% of drinking water. The sampling campaign and the analysis were carried out from March 2018 until October 2018. Due to the fact that PFASs have a wide range of applications, care needs to be taken during the sampling in order to avoid any contamination or concentration loss. For this reason, polypropylene bottles WM (wide mouth) with caps (volume 125 mL) were used as sample containers, purchased from SciLabware Limited (Stoke-on-Trent, Staffordshire, ST4 4RJ, United Kingdom). Although PFASs are very stable and not degradable at room temperature, the samples were stored at 4 • C prior the analysis (performed within 15 days), in order to prevent the biodegradation of matrix interferences that can affect the recovery of the analytes.
Reagents and Chemicals
A mix (PFAC-MXB) of seventeen PFASs was examined in this study containing compounds with various carbon chain lengths (between four to eighteen atoms of carbon): thirteen linear perfluoroalkylcarboxylic acids and four perfluoroalkylsulfonates (details in Table 1 ). The standard mix solution PFAC-MXB was purchased from Wellington Laboratories (Guelph, ON, Canada) with chemical purities of >98% and a concentration of 2000 ng mL −1 in Methanol/Water <1% for every individual perfluoroalkylcarboxylic acid and perfluoroalkylsulfonate. Another mix (MPFAC-MXA) containing seven mass-labelled ( 13 C) perfluoroalkylcarboxylic acids and two mass-labelled ( 18 O and 13 C) perfluoroalkylsulfonates was used as internal standards (details in Table 1 ). The mix solution MPFAC-MXA was purchased from Wellington Laboratories (Guelph, Ontario, Canada) with chemical impurities >98% and a concentration of 2000 ng mL −1 in Methanol/Water <1% for every individual mass-labelled perfluoroalkylcarboxylic acid and mass-labelled perfluoroaklylsulfonate and with isotopic impurities of 99% per 13 C and >94% per 18 O. UHPLC-grade Methanol was purchased from Sigma-Aldrich, Co (St. Louis, MO, USA), MilliQ was obtained from MilliPore (MA, USA) and Ammonium acetate for LC-MS LiChropur ® was purchased from Merck KGaA (Darmstadt, Germany).
Sample Preparation
The samples were injected directly into the analytical system without any pretreatment step. A filtration step was not necessary as the samples-mostly drinking water-were not contaminated with soils or suspended organic matter. Two working standard solutions-in 50% Methanol/50% Water for the first and in 100% Water for the second-were prepared with a dilution from each of the two stock solutions and used for the calibration. The purchased solutions were stored at 4 • C in the fridge, while the other four were stored at room temperature. A volume of 700 µL of each sample was transferred into 0.7 mL Polypropylene Short Thread Micro-Vials (purchased from CPS Analitica for Chemistry, Milan, Italy), and 1 µL of the Internal Standard mix (50 ng L −1 ) was added. 
Target Compounds (PFAC-MXB) Internal Standard Compounds (MPFAC-MXA)
Full Name Abbreviation Full Name Abbreviation
Instrumental Analysis
Analyses were carried out using the SCIEX QTRAP ® 6500 system (SCIEX, Framingham, MA, USA) with a Thermo Scientific Dionex UltiMate 3000 UHPLC system and a RS-3000 autosampler (Dionex Softron GmbH, Germering, Germany). The UHPLC instrument was equipped with a Luna ® C18 (2) HPLC Column (5 µm particle size, 30 mm × 2.0 mm; Phenomenex Inc., Torrance, CA, USA) installed between the eluent mixer and the autosampler, in order to delay the potential contamination originating from the UHPLC system. The chromatographic separation was achieved using a Luna ® Omega PS C18 HPLC Column (1.6 µm particle size, 50 mm × 2.1 mm; Phenomenex Inc., Torrance, CA, USA)-heated to 40 • C-by injecting a 50 µL sample volume at a mobile phase consisted of a mixture of 20 mM Ammonium Acetate in water (A) and Methanol (B), lasting a total time of 12 min. The gradient profile, with a flow rate of 0.550 mL/min, started with 98% A and 2% B, increasing to 100% B in 6 min, and, after keeping this ratio for 1.5 min, reversed into the initial conditions (Table A2 ). The QTRAP ® 6500 system was operated in Negative Electrospray Ionization Mode (ESI) (parameters used: gas temperature at 350 • C, curtain gas and collision gas pressure of 30 psi and Ionspray voltage of −4500 V), using Multiple Reaction Monitoring (MRM) scan mode, where Q1 and Q3 were set to more than one single mass allowing specific fragment ions from specific parent molecular ions to be detected [19] . The parameters for the ESI source and MRM are summarized in Tables A3 and A4 . The chromatograms and spectra were processed using the Analyst 1.6.2 software (SCIEX, Framingham, MA, USA).
Method Validation and Quality Assurance
A validation process was carried out in order to assure the applicability of the developed method. The validation parameters included precision, accuracy, linearity, recovery and limits of Detection (LOD) and Quantification (LOQ). The ISO/IEC 17025 accreditation requirements and, in particular the ones set by Accredia, the Italian National System for the Accreditation of Laboratories were used as guidelines of the method's validation. Six-point calibration curves were built, and for each point, fifteen replicates were analysed. The quantitation was performed using the MultiQuant TM 3.0.3 software (SCIEX, Framingham, MA, USA).
In addition, blank and quality control samples were analysed in order to ensure the best performance of the instrument during the analysis. The quality control samples were prepared by mixing the standard solution with MilliQ water at a final concentration of 50 ng L −1 and spiked with 50 ng L −1 of the internal standard mix. In the batch, their analysis was performed after the linear calibration curve (range 5-120 ng L −1 ), used for the quantification and after every ten samples.
Spatial and Statistical Analysis
A spatial analysis was used to develop a framework for predicting the potential pollution levels in specific municipalities, based on the industrial activities and waste water treatment plants (WWTPs) that are close to the sampling points. In our study, information about 176 industrial sites ( Figure A1 ) and 800 WWTPs present in the studied territory were taken from Arpa Piemonte [20, 21] , and in particular, the geographical data (coordinates in WGS 84 system and maps of the area) used were downloaded from the Diva-Gis [22] platform. The QGIS 3.4 software was used in order to find a correlation between industrial sites and WWTPs within a radius of 5 km that could be potential sources of pollution and sampling points with concentrations above the Limits of Quantification. Because of the lack of information available concerning emerging pollutants employed by the industrial sites, this led us to choose them according to their sector of activities and to products known to potentially employ PFASs. Multivariate spatial regression models [23] were developed for the areas where PFASs were detected, in order to evaluate the correlations with the potential point sources of pollution selected. We used the GeoDa 1.12 software in order to build the Ordinary Least Squares (OLS) and the Spatial Regression models. The Moran's I statistic was used to test for spatial autocorrelation between the area units, while the Akaike info criterion was used to check which of the two models is stronger in predicting the correlation between the potential point sources and the positive polluted areas [24] .
Results and Discussion
Cross Contamination
As stated above, PFASs have many different applications, so that cross contamination at trace levels of PFAS even from laboratory equipment's which contain fluoropolymers will have a large impact on the accuracy and validity of the analytical results, especially in analytical methods performing at nanograms per liter (or parts per trillion; ppt) of sensitivity [11] . In order to minimize these effects, online SPE-LC-MS/MS methods have been developed for PFAS determination in water [12] . Although, the direct injection method, due to the absence of extraction and cleanup steps, is the best choice to avoid background contamination during all the analysis steps, a meticulous and methodical manipulation of the samples is necessary. Teflon and glass materials were avoided throughout the analysis, as well as a filtration step, even if it was not necessary for the drinking water, in order to minimize any contamination of the samples. Furthermore, a smaller HPLC column was added between the pump and the injector in order to delay any possible contamination originating from the solvents, meaning substances that can be coeluted with the target compounds [12] [13] [14] [15] .
Method Optimization
Spiked water samples analysed without any pretreatment step and by direct injection proved unsuccessful as the results showed la ow recovery for the longer chain compounds. Therefore, taking into account the different chemical properties among the seventeen target compounds, we optimized the choice of solvent added to the samples according to the reports of the EPA 537 method. Varying the solvents' percentage ratio in both the working standards (Section 2.2), we reached satisfying results by preparing the standard solutions in 50% Methanol/50% Water.
Chromatographic conditions were optimized as well. A Luna ® Omega PS C18 HPLC Column was used for the analysis, but the best chromatographic separation was achieved after using another C18 column (Luna ® C18 (2) HPLC Column) as an isolator to separate the target compounds in the analytical samples from those potentially present in solvents. Moreover, as stated above, a gradient elution of the mobile phase containing a Methanol and Ammonium Acetate solution was used for the analysis. Firstly, an elution starting with 40% Methanol and 60% Ammonium Acetate in water (5 mM) increasing to 100% Methanol and returning at the initial conditions within 6 min was tried. The separation of the longer chain compounds was satisfactory with these conditions, but some of the shorter chain PFASs were co-eluted at the beginning of the chromatogram ( Figure A2 ). For this reason, the best analyte's separation and shape of the peaks were achieved by increasing to a 20 mM the concentration of the Ammonium Acetate solution and by varying the analysis time and the gradient analysis profile.
In a PFAS analysis, the use of isotopically labelled internal standards is endorsed in order to ensure the best results. The added concentration of the internal standard was 50 ng L −1 . In order to calculate the PFAS concentration in the samples, the ratio between the areas of the compounds' peaks and that of the internal standards were used.
Validation Study
A calibration curve with six points of final concentrations 5, 10, 25, 50, 90 and 120 ng L −1 was built by mixing different amounts of the mix B (concentration 1 µg L −1 ) and MilliQ water and by adding to everything 50 ng L −1 of the internal standard solution. The quantitative data were analysed using statistical modules in order to define the linearity, accuracy, precision and recovery as well as the Limits of Detection and Quantification.
Linearity
Linearity is based on the linear regression analysis of the obtained quantitative data. Six-point calibration curves were built in the 5-120 ng L −1 concentration range. The regression coefficients (R 2 ) were calculated by laying out the ratio between the target peak area, the relative Internal Standard (IS) peak area and the concentrations. A 1/x concentration-weighting factor was used in order to give more emphasis to the lower concentrations and to ensure the best assay performance [23] . Good coefficient results (R 2 0.99) ( Table 2) were obtained for the short chain compounds, indicating a good linear correlation, as well as for longer chain compounds, as the coefficients for perfluoro-n-tridecanoic acid (PFTrDA), perfluoro-n-tetradecanoic acid (PFTeDA) and perfluoro-n-octadecanoic acid (PFODA) were greater than 0.98. 1 The compounds detected in the samples in concentrations higher than the Limit of Quantification.
Accuracy, Recovery and Precision
The measurement of the systematic and random errors is a crucial step of the method's validation. According to the ISO/IEC 17025, the required values for precision are RSD ≤ 20% and for a recovery within the range of 70%-120%. The variability and reproducibility of the results were calculated for each point of the calibration curve, giving results obeying the requirements; in Table 2 , only those for 50 ng L −1 are reported. Similarly, the accuracy of the method, based on the trueness of the results, was satisfying the criterion ≤30% for every point of the calibration curve and for every analyte (Table 2) . Sodium-1-decanesulfonate (PFDS) was the only compound that did not have good validation results, leading us to exclude it from our method. The recovery of the compounds was also checked in spiked real water samples, obtaining satisfying results (Table 3) . 
Limits of Detection and Quantification
The Limits of Detection and Quantification for each analyte were determined based on the results obtained from the 15 replicates of the six-point calibration curves. The LOD was calculated by multiplying 3.3 times the standard deviation of the y-intercepts and by dividing by the slope of the calibration curve, as stated in the ICH (International Conference on Harmonisation) Method. Similarly, the LOQ was 10 times the standard deviation of the y-intercepts and was divided by the slope of the calibration curve. The obtained results for the LOQs of the target PFAS varied from 3 (for shorter chain compounds) to 8 ng L −1 (for longer chain compounds). However, for the practical and data processing uniformity as a Limit of Quantification for every compound (as stated also in the ASTM D7979-17 method), the lowest point of the calibration curve satisfying for the accuracy and precision the criteria of less than 30% (considering the 15 replicates) was adopted In this way, for every compound, the LOQ is 5 ng L −1 ( Table 2) .
PFAS Assessment in Turin Metropolitan Area
The developed method was applied for the estimation of PFAS pollution in the Metropolitan Area of Turin. Taken from all stages of the water supply system (from the catchment till the tap) through a sampling campaign organized by SMAT were 930 samples. Among the samples, 5% of them were surface, 19% were underground and 76% were drinking water samples. As a sum of the sixteen target PFASs, the highest detected concentration was 57 ng L −1 . Only four out of the sixteen compounds monitored were detected in the area in concentrations above the Limit of Quantification (5 ng L −1 ): Perfluoro-n-butanoic acid (PFBA), perfluoro-1-hexane [ 18 O 2 ] sulfonate (PFHxS), perfluoro-n-octanoic acid (PFOA) and sodium perfluoro-1-octanesulfonate (PFOS) (Figure 1) . The highest detected concentration for PFBA was 19 ng L −1 , while for PFHxS and PFOA, it was 15 ng L −1 and 9 ng L −1 , respectively. The highest detected concentration among the four compounds was for PFOS, 23 ng L −1 , and as a finding was in contrast with the results from other methods which report as a general finding that concentrations of carboxylates were higher than those of sulfonates [23] . All the results are lower than the drinking water performance values set from the Italian Ministry of Health (30 ng L −1 for PFOS and 500 ng L −1 as sum of PFAS) and are reported in the Revision of the Drinking Water European Directive (100 ng L −1 as single and 500 ng L −1 as sum of PFAS). Among the assessment findings, the highest pollution rates were detected near industries and Wastewater Treatment Plants (WWTPs) as could be expected. Moreover, only in one municipality were all the four compounds detected together, and that was near the airport where, as it is known from the literature, aqueous film-forming foams (AFFF)-foams with fluorinated chemicals-can be used [3] .
Spatial Analysis Results
Only 54 out of the 930 samples analysed were detected with a concentration of PFAS above the quantification limit. A correlation study between the positive sampling points and the companies or the wastewater treatment plants (WWTPs) that are surrounding them within 5 km was carried out.
The results showed that around areas where PFASs were detected more industrial sites or WWTPs exist than those that showed no pollution.
The spatial regression models explain 8%-66% of the variance in the water samples for the four PFAS compounds that were detected. Increasing PFBA concentrations are positively associated with the number of industrial sites and the WWTPs that are present in the surrounding area of the sampling point, and this relationship resulted in being statistically significant (p < 0.001), which is the strongest statistical association across the positive sampling points and the point sources. On the contrary, the other three compounds showed a positive correlation with the industrial sites but a negative association with the waste water treatment plants, and that relationship showed also a lack of statistical significance (p > 0.05) ( Table 4 ). This indicates that PFAS releases from WWTPs are important but less significant than those from industries, and it is consistent with results obtain from Hu et al. [24] . These results can be explained because of the low number of sampling points with a concentration above the quantification limit for these three compounds available (for PFHxS, only 7 out of the 930 samples were positive, whereas for PFOS, only 6 out of the 930 were positive). Nevertheless, the small number of polluted samples harden the statistical analysis, as for this process, a large number of data is required. The results obtained from the spatial analysis showed that one independent variable (industrial sites) is a significant predictor for all the detected PFAS compounds and can be taken into account in order to guide the future choice of the sampling points presenting a higher risk factor. Instead, the independent variable WWTPs is a significant predictor only for the PFBA pollution (PFBA was the more frequent detected pollutant), indicating that the other three compounds are most probably released from the industries and not the WWTPs that occur in the area.
The spatial analysis performed was challenging due to the lack of information available. Geospatial data for many potentially important PFAS point sources are lacking as well as information about the companies' production processes. Moreover, there are no data about the employment of this class of substances (as PFAS are not regulated yet) or the airborne emissions, in order to value the importance of atmospheric releases. Finally, there are no information about where and if the intake of the water supply is upstream from point source of pollution, and so on.
Conclusions
A new "green" validated method for determining 16 different PFAS in drinking water samples is presented. The key characteristic of this method, which makes it unique, is the absence of a pretreatment or preconcentration step and a direct injection into the UHPLC system coupled to a triple quadrupole mass spectrometer. Even the numerous difficulties faced in order to achieve the best performance, good recovery results-which were within the range reported in the standards' requirements-and really low Quantification Limits (5 ng L −1 ) were achieved. Even if this method is oriented to be applied only for drinking water samples, it provides the analyte with a high sensitivity in determining PFASs at very low concentrations-a scale of nanograms per liter (or parts per trillion; ppt).
Another aim of this study was the PFAS assessment in the Metropolitan Area of Turin which was carried out using this method in order to estimate the pollution in the area. Among the results, only four compounds were detected above the limits of quantification and only in 6% of the analysed samples. Nevertheless, despite the low detected pollution rates, a correlation study in order to estimate the potential sources of this pollution was carried out. Instead of performing a "blind" monitoring water quality control, a spatial analysis is a useful tool in order to guide the future choice of the sampling points presenting a higher risk factor as well as the inputs to support the surveillance and water quality control activities. It has to be taken into account that PFASs include thousands of compounds, and as a result, the chemical analysis alone cannot cover the complete assessment of the potential pollution with this kind of contaminants; the same can be said for other classes of emerging pollutants. Considering the costs, the effort and the environmental impact of the chemical analysis for emerging pollutants' assessment, the "smart" monitoring program is much more better performing due to the prioritization of the site at major risks. However, the low number of data beyond the limit of quantification and the lack of information about the industrial activities which can cause pollution in the area provided us some satisfactory preliminary results. Further study is ongoing for addressing and collecting more information in order to enrich the results.
From the lessons learned in this study, it is important to highlight that the strengthening of the cooperation and active participation of the Regional Health and Environmental Protection Agencies, Water Companies and Stakeholders are crucial strategies for risk management in the watershed, as only a great number of data and information can give statistically significant results. Figure A3 . A map of the municipalities monitored in this study. 
